The decay modes of the type B → π π are dynamically different. For the case B 0 d → π + π − there is a substantial factorized contribution which dominates. In contrast, the decay mode B 0 d → π 0 π 0 has a small factorized contribution, being proportional to a small Wilson coefficient combination. However, for the decay
I. INTRODUCTION
Due to numerous experimental results coming from BaBar and Belle, there is presently great interest in decays of B-mesons. LHC will also provide us with more data for such processes. B-decays of the type B → ππ and B → Kπ, where the energy release is big compared to the light meson masses (heavy to light transitions), has been treated within QCD factorization [1] and Soft Collinear Effective Theory (SCET) [2] . In the high energy limit, the amplitudes for such decay modes factorize into products of two matrix elements of weak currents, and some nonfactorizable corrections of order α s can be calculated perturbatively. However, there are additional contributions of order Λ QCD /m b which cannot be reliably calculated within perturbative theory [1] . The so called pQCD-model and QCD sum rules have also been used for B-meson decays [3, 4] .
For decay modes which are of the heavy to heavy type, involving b-and c-quarks, the decay amplitudes have been described within Heavy Quark Effective Field Theory (HQEFT) [5] . Some transitions of heavy to heavy type in the heavy quark limits (1/m b ) → 0 like B −B mixing [6] has been studied within Heavy Light Chiral Perturbation Theory (HLχPT) [7] .
Furthermore, other transitions which are formally heavy to heavy in the heavy quark limits (1/m b ) → 0 and (1/m c ) → 0, like the Isgur-Wise function [8] for B → D, have been studied within HLχPT [7] . The casesB → DD [9] and B → D * γ [10, 11] have also been studied within such a framework, even if the energy release in these processes is above the chiral symmetry breaking scale. Still this framework give amplitudes of the right order of magnitude. The calculation of such transitions have in addition been supplemented with calculations within a Heavy Light Chiral Quark Model (HLχQM) to determine quantities which are not determined within HLχPT itself [9, 11, 12] .
As pointed out in a series of papers [9, [11] [12] [13] [13, 14] .
In that case a heavy b-quark decaying to a light, but energetic quark was involved. Then the light energetic quark might be described by an effective theory. The first version of such a framework was Large Energy Effective Theory (LEET) [15, 16] . The HQEFT covers processes where the heavy quarks carry the main part of the momentum in each hadron.
To describe processes where energetic light quarks emerge from decays of heavy b-quarks, LEET was introduced [15] and used to study the current for B → π [16] .
The idea was that LEET should do for energetic light quarks what HQEFT did for heavy quarks. In HQEFT one splits off the heavy motion from the full heavy quark field, thus obtaining a reduced field depending on the velocity of the heavy quark. Similarly, in LEET one splits off the large energy from the full field of the energetic light quark, thus obtaining an effective description for a reduced light quark which depends on a light-like four vector.
It was later shown that LEET in its initial formulation was incomplete and did not fully reproduce QCD physics [17] . Then LEET was further developed to be fully consistent with QCD and became the Soft Collinear Effective Theory (SCET) [2] .
In the present paper we consider decay modes of the type B → π π. The decay mode what has been done for other nonleptonic decays [6, 11, 12, 19, 20] .
A priori it might look strange to use the framework of chiral quark models when the energy release is big compared to the chiral symmetry breaking scale Λ χ . The point is that the motion of the heavy quark or energetic light quark can be split off, and the various versions of heavy-light or large energy chiral quark models and a corresponding chiral perturbation theory (χP T ) can be used to describe the redundant strong interactions corresponding to momenta of order 1 GeV and below.
It might be argued that we should have used the full SCET theory as the basis our new model. However, the purpose of our paper is to estimate, in analogy with previous papers [6, 11, 12, [19] [20] [21] [22] [23] , the effects of soft gluon emission in terms of gluon condensates, where transverse quark momenta and collinear gluons will not play an essential role. In any case this construction [13] will be a model. Therefore it suffices for our purpose to use the more simple formulation of LEET. We will combine LEET with chiral quark models (χQM) [21, [24] [25] [26] [27] , containing only soft gluons making condensates. In LEχQM [13] an energetic quark is bound to a soft quark with an a priori unknown coupling, as proposed in [21] . The unknown coupling is determined by calculating the known B → π current matrix element within the model [13] . This fixes the unknown coupling because the matrix element of this current is known [16] . Then, in the next step, we use this coupling to calculate the nonfactorized (color suppressed) amplitude contribution to
terms of the lowest dimension gluon condensate, as have been done for other nonleptonic decays [6, 11, 12, 19, 20] . After the quarks have been integrated out, we obtain an effective theory containing soft light mesons as in HLχPT, but also fields describing energetic light mesons. A similar idea with a combination of SCET with HLχPT is considered in [28] .
The LEχQM was constructed in analogy with the previous Heavy Light Chiral Quark Model (HLχQM) [20] and may be considered to be an extension of that model.
One might think that to be completely consistent, we should also have calculated the
Wilson coefficients within a relevant large energy framework. For this purpose the use of LEET would be dubious because it is an incomplete theory as mentioned above. However, as we will see below, the main uncertainty in our final amplitude will be due to uncertainty in our model dependent gluon condensate due to emission of soft gluons. Therefore the Wilson coefficients calculated within full QCD as in [29] will be appropriate for our purpose.
In the next section (II) we present the weak four quark Lagrangian and its factorized and nonfactorizable matrix elements. In section III we present our version of LEET, and in section IV we present the new model LEχQM to include energetic light quarks and mesons.
In section V we calculate the nonfactorizable matrix elements due to soft gluons expressed through the (model dependent) quark condensate. In section VI we give the results and conclusion.
II. THE EFFECTIVE LAGRANGIAN AT QUARK LEVEL
We will study decays of B 0 d generated by the weak quark process b → uūd. We restrict ourselves to processes where the b-quark decays. This means the quark level processes b → duū . Processes where the anti-b-quark decays proceed analogously. The effective weak Lagrangian at quark level is [29] (neglecting penguin operators)
where the subscript L denotes the left-handed fields:
is the left-handed projector in Dirac-space. The local operator products Q A,B are defined as
In these operators summation over color is implied. In Eq. is also generated, and c A is slightly increased. These effects are handled in terms of the Renormalization Group Equations (RGE) [29] , and the coefficients can be calculated at for instance µ = m b or µ= 1 GeV. Using the color matrix identity
and Fierz rearrangement, the amplitudes for the processes B 0 → π + π − may be written as
and for
Here the terms proportional to 2c A and 2c B with color matrices inside the matrix elements are the genuinely nonfactorizable contributions.
Since c A is of order one and c B of order −1/3 [12, 13] , we refer to the coefficients
as favorable (c f ) and nonfavorable (c nf ) coefficients, respectively. Thus, the decay mode
− has a sizeable factorized amplitude proportional to c f . In contrast, the decay
0 has a factorized amplitude proportional to the nonfavorable coefficient c nf which is close to zero. In this case we expect the nonfactorizable term (involving colour matrices) proportional to 2c A to be dominant, i.e. the last line of eq. (4) dominates. A substantial part of this paper is dedicated to the calculation of this nonfactorizable contribution
Thus the main task of this paper will be to calculate the matrix element of the operator Q C consisting of the product of two colored currents occurring in the last line of eq. (4):
for the color suppressed process
This matrix element will be estimated in section V where we use the LEχQM to estimate nonfactorizable amplitudes in terms of emission of soft gluons making gluon condensates.
III. AN ENERGETIC LIGHT QUARK EFFECTIVE DESCRIPTION (LEETδ)
An energetic light quark might, similarly to a heavy quark, carry practically all the energy E of the meson it is a part of. The difference is that now the mass of the energetic quark is close to zero compared to the heavy quark mass m Q and E, which are assumed to be of the same order of magnitude. We assume that the energetic light quark is emerging from the decay of a heavy quark Q with momentum p Q = m Q v + k. The heavy quark is described by the HQEFT Lagrangian for the reduced quark field Q v [5] :
where Q v is the reduced heavy quark field (often named h v in the literature), v its four velocity and m Q the mass of the heavy quark.
The momentum of the light energetic light quark q can be written
where E, which is of order m Q , is the energy of the energetic light quark, m q is the light quark mass. Further, n is the light-like four vector wich might be chosen to have the space part along the z-axis, n µ = (1; 0, 0, 1), in the frame of the heavy quark where v = (1, 0).
Then (v · n) = 1 and n 2 = 0. Inserting this in the regular quark propagator, In the limit where the approximations in (8) are valid, we obtain the propagator
This propagator is the starting point for the Large Effective Theory (LEET) constructed in
Ref. [16] .
Unfortunately, the combination of LEET with χQM will lead to infrared divergent loop integrals for n 2 = 0 (see section IV). Therefore, the formalism was modified [13, 14] and instead of n 2 = 0, we use n 2 = δ 2 , with δ = ν/E where ν ∼ Λ QCD , such that δ ≪ 1. An expansion in δ will then within our model be equivalent to an expansion in Λ QCD /m b .
In the following we describe the modified LEET [16] where we keep δ = 0 with δ ≪ 1.
We call this construction LEETδ [13] and define the almost light -like vectors
where η = √ 1 − δ 2 . This means that
In the following we use the projection operators given by
where N = √ 2 n ·ñ = 2 + O(δ 2 ) . One factors out the main energy dependence, just as was analogously done in HQEFT, and define the projected reduced quark fields [16] 
As in [16] , the field q − was eliminated and one obtained for q + ≡ q n the effective Lagrangian [13] :
which (for δ = 0) is the first part of the SCET Lagrangian. The operator X is given in [13] .
Equation (14) yields the LEETδ quark propagator
which reduces to (9) in the limit δ → 0. In addition, for a light energetic quark, the propagator within SCET [2] will for small transverse quark momenta p ⊥ → 0 coincide with Eq. (15).
Based on LEET, it was found [16] in the formal limits M H → ∞ and E → ∞, that a heavy H = (B, D) meson decaying by the weak hadronic vector current V µ to a light pseudoscalar meson is described by a matrix element P | V µ | H of the form
where
This behaviour is consistent with the energetic quark having x close to one, where x is the quark momentum fraction of the outgoing pion [16] .
IV. EXTENDED CHIRAL QUARK MODEL FOR HEAVY AND ENERGETIC LIGHT QUARKS (LEχQM)
The chiral quark model (χQM) [24, 25] and the Heavy-Light Chiral Quark Model (HLχQM) [20] , include meson-quark couplings and thereby allow us to calculate amplitudes and chiral Lagrangians for processes involving heavy quarks and low energy light quarks. In this section we will extend these models to include also hard, energetic light quarks.
For the pure light and soft sector the χQM Lagrangian can be written as [19, 24] :
where m is the constituent mass term being due to chiral symmetry breaking. The small current mass term is neglected here. Here we have introduced the flavor rotated fields χ L,R :
where q is the light quark flavor triplet and:
Further, V µ and A µ are vector and axial vector fields, given by
To couple the heavy quarks to mesons there are additional meson-quark couplings within
HLχQM [20] :
where Q v is the (reduced) heavy quark field and H is the heavy (0 
where η H = (8 − π)/64. The quantity ρ is of order one.
For hard light quarks and chiral quarks coupling to a hard light meson multiplet field M, one extends the ideas of χQM and HLχQM, and assume that the energetic light mesons couple to light quarks with a derivative coupling to an axial current [13] :
One combines LEETδ with the χQM and assume that the ingoing light quark and the outgoing meson are energetic and have the behaviour exp (±iEn · x) as in (13) . To describe (outgoing) light energetic mesons, we use an octet 3 × 3 matrix field M = exp (+iEn · x) M n of the same form as Π in (20): Combining (25) with the use of the rotated soft quark fields in (19) and using ∂ µ → iE n µ one arrives at the ansatz for the LEχQM interaction Lagrangian:
where q n represents an energetic light quark having momentum fraction close to one and χ represents a soft quark (see Eq. (19)). Further, the coupling G A is determined by physical requirements [13, 16] , and
Here M L and M R are both equal to M n , but they have formally different transformation properties, This is analogous to the use of quark mass matrices M q and M † q in standard Chiral Perturbation Theory (χPT). They are in practice equal, but have formally different transformation properties.
The axial vector coupling introduces a factor γ ·n to the vertex (see (27) ), which simplifies the Dirac algebra within the loop integrals. In order to calculate the nonfactorizable contribution, one must first find a value for the large energy light quark bozonisation coupling G A . This was done [13] by requiring that our model should be consistent with the equations (16) and (17) . Applying the Feynman rules of LEχQM [13] we obtain the following bosonized current (before soft gluon emission forming a condensate is taken into account):
where 
are the propagators for heavy quarks described by (18) , for light constituent quarks, and (14) for light energetic quarks. The presence of the left projection operator L in Z ensures that we only get contributions from the left-handed part of the interaction in (27) , that is,
The contribution in (29) corresponding to the B → π current is illustrated by the lower part of the diagram in Fig. 1 . 
Loop diagrams within LEχQM depend on momentum integrals of the form
These integrals have the important property that K
rst and K rst with one power of 1/δ. In the present model, we choose ν = m which is of order Λ QCD . Thus the constituent light quark mass m is the equaivalent of Λ QCD within our model. Some details of the calculation of the B → π is given in Ref. [13] .
To calculate emission of soft gluons we have used the framework of Novikov et al. [30] .
In that framework the ordinary vertex containing the gluon field A a µ will be replaced by the soft-gluon version containing the soft gluon field tensor G a µν :
where k is the momentum of the soft gluon. (Using this framework one has to be careful with the momentum routing because the gauge where x µ A a µ = 0 has been used.) Here Γ µ = γ µ , v µ , or n µ (γ ·ñ + δ)/N for a light soft quark, heavy quark, or light energetic quark, respectively. Our loop integrals are a priori depending on the gluon momenta k 1,2 which are sitting in some propagators. These gluon momenta disappear after having used the procedure in (33) . (Note that the derivative has to be taken with respect to the whole loop integral).
Emision from the heavy quark or light energetic quark are expected to be suppressed.
This will be realized in most cases because the gluon tensor is antisymmetric, and therefore such contributions are often proportional to
However, there are also contributions proportional to :
analogous to what happens in some diagrams for the Isgur-Wise diagram where there are two different velocities v b and v c [31] . Such contributions appear within our calculation when two soft gluons are emitted from the heavy quark line.
Using the prescription [19, 20, 25 , 30]
for the gluon condensate one obtains the leading bosonized current [13]
where the quantity F obtained from loop integration is a priori containing a linearly divergent integral, which is related to the axial coupling g A , and can be traded for g A . One obtains [13] for the quantity F :
Note that F is dimensionless. The parameter ρ is given in (24) . Numerically, it was found [13] that F ≃ 0.08. or quantities of the model [19, 20, 24, 25] .
In order to obtain the HLχPT Lagrangian terms T r(H
In order to fix G A in (27) , we compare (16) 
Using the equations (16), (38), and (39), one obtains [13] G A = 4ζ
where ζ (v) is numerically known [32] . Within our model, the analogue of Λ QCD is the constituent light quark mass m. To see the behaviour of G A in terms of the energy E, the quantity C in (17) is written as C ≡ĉ m 3 2 , which gives
which explicitly displays the behaviour G A ∼ E −3/2 . In terms of the number N c of colors, The bosonized current in (37) can now be written as
V. NONFACTORIZABLE PROCESSE IN LEχQM
In this section we calculate the nonfactorizable contribution to B This will be formulated as a quasi-factorized product of two coloured currents, as illustrated in Fig. 2 . Then the nonfactorized aspects enters through color correlation between the two parts, using Eq. (36) . Such a calculation within HLχQM and HLχPT is done previously For a low energy quark interacting with one soft gluon, one might in simple cases use the effective propagator [19, 33] 
where {a, b} ≡ ab + ba denotes the anticommutator. This expression is constistent with the prescription in (33), and can be used for the diagram in Fig. 2 .
Then one gets [13] the following contribution to the bosonized colored B → π current, shown in the lower part of the diagram in Fig. 2 :
where a is a color octet index. Once more, we deal with the momentum integrals of the types in (31) and (32) . Taking the color trace, rewriting (44), we obtain a contribution of the form
where the contribution from the (lower part of) the diagram in Fig. 2 : alone is to leading order in δ
where E · δ = m has been explicitly used.
There are also other diagrams not shown. In one case the gluon is emitted from the energetic quark. This diagram is zero due to (34) . Furthermore, there is a diagram not shown where the gluon is emitted from the heavy quark which contains a non-zero part due to (35) . This gives an additional contribution to the colored B → π current which is nonzero. However, this one will be projected out because it should be proportional to the Levi-Civita tensor to give a nonzero result for the B 0 d → π 0 π 0 amplitude as a whole, as will be seen from Eq. (49) below.
The colored current for an outgoing π 0 should now be calculated in the LEχQM (see upper part of the diagram in Fig. 2 ), and we find
This colored π 0 current has the general form
where the tensor T is given by
where the λ X within the trace is the appropriate Gell-Mann SU(3) flavor matrix. For an outgoing hard π 0 this trace has the value E/2 when going to the momentum space. The explicit factor 2 in front of this expression comes from the corresponding diagram, where in the upper part of the diagram the antiquark could be hard and the quark could be soft and emit a soft gluon. The factor Y contains the result of loop momentum integration. The relevant loop integral is now
which gives
Here the parameter λ is of order 10 −2 to 10 −1 and very sensitive to small variations in the model dependent parameters m and
It is easily seen that the experimental value of the B In a recent paper [31] an extra mass parameter was introduced in the propagator of heavy quarks. One might do the same for propagator of the light energetic quark, and use
This would also bring this propagator more in harmony with the SCET propagator if ∆ n ∼ p 2 ⊥ /E . This will to first order in ∆ n give an extra contribution in the loop integral obtained from the diagram in Fig. 2 : However, taking into account also the corresponding diagram where the light anti-quark is the energetic one, this first order term in ∆ n cancels. But there will be terms of second order in ∆ n , which are of order δ 2 . Such contributions have to be considered together with higher order (in δ) terms obtained from the interaction given by the operator X in (14) .
One should note that the colored current given by (48) and (49) is determined by a triangle diagram. Thus one might speculate if it can in some way be related to the triangle anomaly. Namely, the diagram in Fig. 2 Then the trace will not be ∼ ǫ while the corresponding loop integral is still divergent ∼ 1/ǫ.
This means that the diagram is in total divergent. Within our various chiral quark models including heavy quarks and light energetic quarks, the naive dimensional regularization (NDR) has been used, and divergent integrals have been identified with physical parameters [6, 9, 11-13, 20-22, 31] . Using other schemes additional finite terms of type ǫ/ǫ might appear [19] , and some parameters might have to be redefined.
We also note that the description of the anomaly is rather tricky when going from the low energy process π 0 → 2γ to higher energies where some cancellations occurr [34, 35] . In
[34] the high energy processes Z → π 0 γ and γ * → π 0 γ was studied. (Here the high energy virtual photon γ * is coming from an energetic e + e − pair). In this case a part of the amplitude corresponding to low-energy decay π 0 → 2γ is cancelled. But there is a remaining anomaly tail relevant for some high energy processes [34, 35] . Trying to adapt such a description in our case, the tensor T in (49) for an outgoing π 0 and soft gluon would be replaced by
where we have taken into account that couplings and color traces are different from the calculations in [34, 35] . The quantity I An is an integral given by
where η ≡ p 
where S(H b → M n Mñ) is the tensor product
Using Eqs. (46) and (49), and n·ñ ≃ 2 , we find the amplitude expressed entirely by known parameters, we find an explicite expression for S(
We will now compare this nonfactorizable amplitude for B 
The form factor ζ (v) is defined in (16) and (17) .
Using the equations (40) and (55)- (59), we find the following ratio between the non-
where κ is a model-dependent hadronic factor
It will be interesting how the ratio r scales with energy E. Using the scaling behaviour for We also find that the perturbative anomaly tail will numerically reproduce the amplitude for I An ≃ 3. Both diagrams would of course require knowledge of the ρ n π n π coupling in Fig. 4 . In any case such calculations are beyond the scope of this paper.
VI. CONCLUSION
We have pointed out that the factorized amplitude for process B we have extended previous chiral quark models for the pure light quark case [24] used in [19, 23, 25] , and the heavy light case [20] used in [6, 9, 11, 12, 21, 22] , to include also energetic light quarks.
We have found that within our model we can account for the amplitude needed to explain the experimental branching ratio for B 0 d → π 0 π 0 [36] . In addition the ratio r between the non-factorizable and factorized amplitude scales as Λ QCD /m b in agreement with QCD factorization [1] . However, the bad news is that the calculated amplitude is very sensitive to our model-dependent parameters, i.e. the constituent quark mass m, and the gluon condensate αs π G 2 . Anyway, final state interactions should be present [37] .
